Staphylococcus aureus is an important cause of bone and joint infections. In recent years, significant changes in the incidence of septic arthritis and osteomyelitis have occurred. Haematogenous osteomyelitis is now less common during childhood, but secondary spread of infection to bone or joint from a contiguous site in adults is increasing in incidence. Infection introduced at the time of surgery or arising by the haematogenous route is a significant complication of prosthetic joint implantation, and the effect of bone cement on local immune function may be important in this setting. Although S. epidermidis is a more common cause of prosthetic joint infection, S. aureus is more difficult to treat. S. aureus produces a number of extracellular and cellassociated factors, but it is unclear what role these have as virulence factors in vivo. Furthermore, it is difficult in animal models to simulate transient bacteraemia followed by non-fulminating septic arthritis or osteomyelitis, as occurs in the patient. Surface factors which may be important in pathogenesis include the cell wall (activates complement and stimulates cytokine release), capsular polysaccharide (promotes adhesion to host cell surfaces), collagen receptors and fibronectin-binding protein.
Introduction
Staphylococcus aureus is a well-recognised cause of bone and joint infections. Infections may occur as a complication of septicaemia -i.e., haematogenous infection -or following local trauma. Pathogenesis is multi-factorial and poorly understood at present. Host factors such as underlying disease, immune status and virulence determinants of the organism are all likely to be important. New molecular techniques to determine the relative importance of the many potential virulence factors, and studies into the interaction between these osteomyelitis is more common during childhood and is characterised by an acute febrile illness with pain and immobility of the affected limb. Blood cultures are positive in c. 50% of cases [l] . In contrast, bacteraemia caused by S. aureus in adults results in osteomyelitis rarely, and secondary spread of a contiguous focus of infection, such as from a surgical wound, is more common. Infective or septic arthritis usually follows haematogenous inoculation, and S. aureus is the most common organism isolated. Risk factors include rheumatoid arthritis, osteoarthrosis and intra-articular injections [2] . Mader and colleagues [3, 4] have devised a novel classification of osteomyelitis that takes account of the anatomical site, the immunocompetence of the host and other factors. This approach has the advantage that certain factors may be linked to prognosis and specific treatment protocols devised accordingly, but provides little insight into pathogenesis. Haematogenous osteomyelitis is more common in infants and children because of the anatomy of blood flow in the long bones. Arterial blood flow leads to non-anastomotic capillaries which enter large venous sinusoids where flow may become slow and turbulent. Injury to such a site may result in haematoma and necrosis, thereby increasing the susceptibility to infection during a transient bacteraemia [3] .
Epidemiology
Several recent reviews have confirmed the importance of S. aureus as a cause of both contiguous and haematogenous osteomyelitis , although Haemophilus injluenzae type B rivalled S. aureus as a cause of acute septic arthritis until the introduction of the conjugated vaccine [6] . A history of trauma or skin infection is a significant risk factor for bone and joint infections caused by S. aureus [5, 6] , presumably because of the propensity of this bacterium to colonise broken skin.
Although septic arthritis and osteomyelitis remain important clinical conditions, changes in incidence are occurring, especially in children. Two recent studies have documented a decline in haematogenous osteomyelitis accompanied by a rise in contiguous disease [8, 9] . In a review of over 15 000 cases of S. aureus bacteraemia with 700 cases of osteomyelitis in Denmark, Esperson and colleagues [8] recorded a decrease in bone and joint infections from 7.1% of bacteraemic patients between 1959 and 1963 to 3.3% between 1969 and 1973 . This occurred at a time when the overall incidence of S. aureus bacteraemia was increasing. Haematogenous osteomyelitis was usually community-acquired, whereas contiguous infection was much more likely to be acquired in hospital. While the number of patients aged between 1 and 20 years fell, those aged over 50 years increased to comprise 55% of the total [8] . A 20-year survey of hospital records of children admitted to hospital in Glasgow with osteomyelitis revealed that S. aureus was the most common aetiological agent, but the proportion of children with less clinically florid infection increased from 12% to 42% over the period studied [9] . These changes may be related to improved living standards and earlier diagnosis. The initiation of broad-spectrum antibiotics before a definitive diagnosis is made may explain the rise in sub-acute cases in which infection is suppressed but not eradicated.
With the fall in incidence in the paediatric age group, there is increasing interest in adult bone and joint infections, especially in the elderly. In a review of 23 patients with septic arthritis, 15 had pre-existing joint disease and eight patients had one or more chronic systemic illnesses such as diabetes mellitus, neoplasia or liver cirrhosis [lo] . Mortality in this group of patients was >20%, but this relatively high figure may have been related to the severity of underlying disease. Adult osteomyelitis may occur at any site, but infection of the vertebral column is becoming relatively more common [8] . Most of these cases occur in older patients; 108 of 140 patients were aged over 50 years in one recent study [8] .
With the increased prevalence of methicillin-resistant S. aureus (MRSA) in many hospitals, infections caused by antibiotic-resistant strains are becoming more common. Osteomyelitis caused by MRSA often follows multiple trauma, and is usually hospitalacquired. All 10 patients described by Fitzpatrick and colleagues [ l l ] were admitted to hospital after road traffic accidents, and in nine patients the infection was localised to the site of trauma. Osteomyelitis caused by MRSA is not confined to adults and has also been reported in neonatal units. Between 1981 and 1987, 200 episodes of bacteraemia occurred in an Australian neonatal unit, of which 14% were caused by MRSA [12] . Twenty cases of osteomyelitis or septic arthritis were identified -of which 75% were in infants of low birth weight -and three patients died [12] . In contrast to the disease in adults, where MRSA bone and joint infection is usually localised, all the neonates had signs and symptoms of systemic infection, such as temperature instability, poor perfusion and lethargy [ 121.
Prosthetic joint infection
Prosthetic joint implantation has now become a common surgical procedure, and the marked improvement in joint h c t i o n that follows represents one of the great medical advances of recent years. However, joint infection is a significant complication and is associated with protracted hospitalisation, disability and considerable additional medical expense [ 131. Infection may occur by the haematogenous route or be introduced at the time of surgery, and although S. epidermidis and other coagulase-negative staphylococci are more common pathogens in this setting, infection caused by S. aureus is often difficult to treat with antimicrobial agents alone, and removal of the prosthetic joint is usually necessary [ 131. Risk factors for prosthesis infection include rheumatoid arthritis, skin necrosis and post-operative wound infection [13] [14] [15] . The effect of bone cement, which is often required to ensure firm implantation, on local immune function has been the subject of much interest. Methylmethacrylate monomer is released in small concentrations during and for a time after polymerisation, and this has been shown in experiments in vitro to partially abolish the inhibitory effect of serum on staphylococci [16] . Other studies have demonstrated increased survival of bacteria in the presence of methylmethacrylate, probably because of inhibition of phagocytosis [17] . These studies are limited by a lack of information on the concentration of cement present at the bone-joint interface.
Pathogenesis

S. aureus virulence factors and their analysis
' In-vitro studies reproduce but imperfectly the conditions present in the intact host, and in our present state of ignorance only the crudest chemical changes can be followed.' S . D. Elek [18] .
Staphylococcal virulence factors are those products that enable the organism to establish infection and enhance its potential to cause disease. S. aureus produces a large number of extracellular and cellassociated factors that may contribute to virulence. With the exception of a few well-characterised toxins -e.g., TSST-1 and the enterotoxins -the relevance of many putative virulence factors in disease causation has been difficult to establish. Before the development of methods for the creation of isogenic mutants, it was necessary to purify individual bacterial components and test their effect in an in-vitro assay or in an appropriate animal model. Difficulties in the purification of minor, often labile, staphylococcal products in an active form limited the success of this approach. Similarly, the development of suitable in-vitro assays and animal models that accurately reflected the situation during infection in vivo made progress difficult. Although testing the effect of individual purified components in animal models may yield some useful information, it provides no insight into the potential synergic interactions between different factors which may occur in vivo. This type of approach also fails to take into account the dynamic nature of the interactions between the bacterium and the host during infection, and the variable role of different bacterial products at different stages in disease progression.
The increasing recognition that bacterial phenotypeincluding the expression of putative virulence determinants -is influenced by growth conditions also has major implications for identification of staphylococcal virulence factors. For logistic reasons, most studies have utilised bacteria grown in vitro in nutrient-rich broth culture [ 191. In contrast, conditions in vivo are usually nutrient-limited, particularly for key elements such as iron [20] , and bacteria grow most commonly in association with a solid substrate rather than in the planktonic mode [21] . In addition, since many staphylococcal products are only expressed at certain times in the growth cycle, the growth conditions used to prepare the bacteria may significantly affect the phenotype expressed and the behaviour of the organism in a given assay [20] .
Despite these potential problems, the increasing use of molecular methods to create isogenic mutants and the continuing development and refinement of in-vitro and animal models has allowed some progress to be made in analysing the role of several staphylococcal products in disease. Studies performed specifically in relation to bone and joint infections are relatively few, but the possible role of several of these bacterial products in the pathogenesis of these infections are discussed in the following sections and summarised in Table 1 
Animal models of S. aureus bone and joint infections
Animal models that reflect the clinical and pathological changes associated with S. aureus bone and joint infections accurately are essential in elucidating the mechanisms of pathogenesis. Several animal species have been used to model acute and chronic posttraumatic osteomyelitis [38] , where bacteria are implanted directly into bone, usually in the presence of sclerosing agents and foreign bodies. More recently, Spagnolo et al. [39] modified this method by using fibrin glue in place of other agents to initiate infection with S. aureus, and produced many of the clinical and pathological changes found in chronic osteomyelitis. Models for acute osteomyelitis acquired by the haematogenous route have also been developed [40] . A rat model of S. aureus arthritis following administration by the i.v. route has also been described [41] . Induction of arthritis was characterised by infiltration of the synovium with T lymphocytes and phagocytes, an increase in the serum level of interleukin 6, and by polyclonal B cell activation. This study highlights one of the major limitations of animal studies in that the i.v.
injection of S. aureus results in death, or a very acute fulminating infection, in a high proportion of animals. This contrasts with the situation in the patient where, following a transient bacteraemia, septic arthritis or osteomyelitis has a much less florid presentation.
Virulence factors
Surface factors
In common with other bacterial pathogens, there has been an increased recognition of the importance of staphylococcal surface components as virulence determinants. As the bacterial surface is the site of interaction with host tissues and immune effectors, it plays a key role in the disease process. The cell wall consists of a peptidoglycan layer, with associated teichoic acids, lipoteichoic acids and proteins. Both peptidoglycans and teichoic acids can activate the alternative complement pathway, induce platelet aggregation in the presence of protein A, and stimulate interleukin 1 release from human monocytes [42] . These are all considered significant in the development of septic shock, but what impact these actions have in bone and joint infection is unknown. The majority of S.
aureus isolates are also capsulate. These structures are, potentially, involved in a number of processes relevant to infection. These include adhesion to host cell surfaces, modulation of interactions with immune effectors, including antibody and phagocytes, and stimulation of cytokine release from T lymphocytes. Capsulate strains have also been shown to stimulate cytokine release from epithelial and endothelial cells and from monocytes, an effect which is inhibited by serum [43] . Foster and McDevitt [25] recently reviewed the possible roles of surface-associated proteins including protein A, fibronectin-binding proteins, fibrinogenbinding protein and collagen-binding protein, and particularly highlighted the importance of fibronectinbinding proteins in adherence to biomaterials coated with host proteins in vivo, a factor of potential importance in prosthetic joint infection. In addition, strains of S. aureus isolated fiom osteomyelitis and septic arthritis usually adhere to collagen and cartilage in vitro -a property which is mediated by a surfaceassociated adhesin -and it was speculated that bone infections might be prevented by a vaccine derived from this [25] .
Adherence. The propensity of S. aureus to adhere to cartilage and bone is undoubtedly important in pathogenesis, thus explaining the high incidence of bone and joint infection following bacteraemia. Williams and colleagues [44] studied the RNA and cellassociated protein synthesis in an in-vitro model of adult chondrocytes following inoculation with S. aureus. Overall protein synthesis was inhibited by 84% in cells exposed to S. aureus, with an increased release of collagenase and gelatinase. It was suggested that potential proteolytic activity present in normal joints remains inhibited in the absence of infection [44] . In a mouse model, there was significant binding of S. aureus to bone sialoprotein, fibronectin and collagen type 1, indicating that adherence remains a key phase in the early stages of infection [45] . A recent study investigated the agglutination of S. aureus isolates from patients with osteomyelitis to collagencoated latex beads. In an ' 251-~~llagen-binding assay, the binding activity was 20-fold lower at 42°C compared with 37°C. This alteration in binding activity was associated with an altered polypeptide profile on SDS-PAGE [22] .
Collagen-binding proteins.
There is convincing evidence that a collagen-binding protein is important in the pathogenesis of osteomyelitis and septic arthritis. A cell-surface protein that mediates attachment of S.
aureus to cartilage has been cloned and sequenced [23] . In previous experiments it was also shown that virtually all strains isolated from patients with osteomyelitis or septic arthritis possessed a collagen receptor, whereas this is only expressed in one-third of isolates from soft tissue infection [24] . Antibodies to the receptor blocked staphylococcal binding to cartilage, as did pre-incubation with a recombinant form of the receptor protein. Inoculation of mice i.v. with mutants positive and negative for the collagen adhesin gene showed that septic arthritis occurred with >70% of the positive strains, but with only 27% of the negative strains. The strains positive for collagen adhesin were also associated with the production of higher levels of IgG and interleukin-6 [24] .
Fibronectin-binding proteins. Fibronectin is a protein that, along with fibrinogen, rapidly coats any foreign body implanted in a patient. It occurs in a matrixassociated form which is exposed after damage to endothelial cells and is also found in blood clots. Two fibronectin-binding proteins with significant homology have been described. It has been demonstrated that, while intravenous cannulae are coated with higher concentrations of fibrinogen than fibronectin, the fibronectin is more important in binding of S. aureus
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because fibrinogen is degraded by plasmin to such a degree that bacterial adhesion is impaired [26] . An invivo study with a rat model of endocarditis showed that mutants deficient for fibronectin-binding protein were 250-fold less adherent to traumatised heart valves, although no studies have yet been reported for bone and joint infections [46] . It is likely that fibronectinbinding proteins play a role in bone and joint infections -especially those associated with prosthetic jointsand when haematoma, a source of fibronectin, are present.
Capsular polysaccharide. Most (>go%) S. aureus strains produce capsular polysaccharide. It has been detected in strains from both invasive infection and asymptomatic carriage. However, in a rat endocarditis model, the most common capsular serotype (serotype 8, found in 53% of isolates) did not demonstrate any increase in virulence over non-capsulate mutant strains [34] . Strains producing capsules of serotypes 1 and 2 are highly virulent in animal models, but have only been reported rarely as clinical isolates [47] . S. aureus capsular polysaccharide serotype 8 (CP8) is expressed maximally by organisms cultured on a solid surface. Iron-restricted conditions also induced expression of CP8 [48] . It remains to be determined whether capsules play any role in staphylococcal bone and joint infection.
Protein A. This is a 42-kDa protein bound covalently to the outer peptidoglycan layer of the S. aureus cell wall. It is also found in the supernate from broth cultures, although the concentration varies according to the strain and detection technique used. Expression of protein A by S. aureus is regulated by the accessory gene regulator (agr). This is a global regulator that alters the expression of many genes in S. aureus, including those coding for haemolysins and enterotoxins. Protein A has been postulated as a virulence factor in S. aureus infection as it binds to the Fc portion of all IgG subclasses except IgG3. Protein A can also bind to Fc receptors on polymorphonuclear leukocytes interfering with opsonisation and phagocytosis. This has been demonstrated by in-vitro phagocytosis studies with a strain that produces protein A and a negative mutant [27] . An animal model incorporating subcutaneous abscesses and peritonitis demonstrated that a strain producing protein A was more virulent than a negative mutant. This work has not been repeated to date in animal models of bone and joint infection [49] .
Secreted proteins
Enterotoxins. The staphylococcal enterotoxins are a group of seven proteins (SEA, SEB, SEC1, SEC2, SEC3, SED and SEE), all of which have a mol. wt of 26-30kDa. There is significant DNA sequence homology between the toxins (75-99%), with the exception of SED which has 55% homology. These toxins induce vomiting and diarrhoea when ingested, but also have been shown to exert a profound effect on the immune system when administered parenterally. They act as superantigens and suppress plasma cell differentiation in vitro [28] and antibody response in vivo [29] . Enterotoxins also induce production of cytokines, such as interferon-gamma, tumour necrosis factor, interleukin 2 and interleukin 6 by T cells and monocytes. These act synergically, and the relative contribution of each cytokine to the pathogenesis of staphylococcal bone and joint infection is unclear. Sourek et al. [30] studied 264 strains of S. aureus from patients with chronic osteomyelitis and found that 79 produced one or more enterotoxin. It was concluded that because only 30% of the isolates were positive, enterotoxin production alone was not a major factor in pathogenesis.
Toxic shock syndrome toxin (TSST-1).
This exotoxin came to prominence because of a well-defined clinical syndrome associated with the use of high-absorbency tampons. The syndrome comprises fever, shock and a desquamating rash, often with organ failure, but most cases are not associated with bacteraemia. A 22-kDa protein (TSST-1) has been detected in virtually all isolates of S. aureus from affected patients. TSST-1 has very little sequence homology with the enterotoxins, despite occasional reports of similar clinical presentations where strains producing only enterotoxins have been isolated. It is a known superantigen, stimulating non-specific T-cell proliferation by interacting directly with class I1 major histocompatibility complex molecules, leading to massive lymphokine and monokine release [50] . It has been shown that expression of TSST-1 is increased when organisms are cultured in media deficient in magnesium [Sl] . Binding of magnesium by fibres used in the production of tampons is thought to lead to high levels of TSST-1 in vivo. Many cases have been associated with bacterial growth in surgical dressings, but we are unaware of any cases associated with staphylococcal bone and joint infections. This is not surprising since many strains producing TSST-1 are not pyogenic, possibly because of massive TNF-a release from macrophages [31] . TSST-1 production is also maximal at neutral pH, a condition which is unlikely to apply in an osteomyelitic abscess. TSST-1 may be of greater importance in septic arthritis. Animal studies of mice given a strain of S. aureus producing TSST-1 by i.v. injection demonstrate that a septic polyarthntis is developed readily. For the first 48 h, a predominantly polymorphonuclear leukocyte and macrophage inflammatory response is seen but, after 72 h, the proportion of CD4-positive T cells increases to 20%. These carry distinct VB receptors, suggesting clonal expansion in the septic joint [32] . When the model was extended by infecting mice with strains of S. aureus isogenic for TSST-1, the mice infected with strains secreting TSST-1 developed more frequent and severe arthritis, and greater interleukin-2 receptor expression in synovial cells was demonstrated 
Other potential virulence factors
Coagulase. This enzyme is produced by virtually all strains of S. aureus. It exists in both free and bound forms, and stimulates plasma clotting by complexing with prothrombin. Bound coagulase may also activate complement. Its detection has been used as the primary identifying character of S. aureus. The expression of coagulase appears to be regulated negatively by agr. Phonimdaeng et al. [52] demonstrated that coagulase levels were higher in a strain with a mutation in the agr locus. Since coagulase-negative staphylococci are generally considered to be less virulent than S. aureus, it has been assumed that coagulase is a virulence factor. Coagulase-deficient mutants of S. aureus have been shown to be less virulent in a mouse mastitis model [35] . The thrombin produced by coagulase is lysed in vitro by proteolytic enzymes in normal serum, so it is unlikely that it protects infecting organisms for long periods of time [ 181. However, it is possible that a thin layer of fibrin may inhibit phagocytosis for long enough to allow organisms to become established on bone or synovium, following which other protective mechanisms may come into play.
Huemolysins. a-Haemolysin is an exotoxin produced by 90% of S. aureus strains. It causes lysis of erythrocytes of many species, including those of the horse and rabbit, although human erythrocytes are relatively resistant. a-Haemolysin monomers are hydrophilic and have a molecular size of c. 34kDa. They can bind to the cell membranes of many cell types, including erythrocytes, platelets, monocytes and endothelial cells [36] . Following binding, the monomers aggregate to form a ring-shaped hexamer with a hydrophilic channel in the centre. This allows the rapid difision of low mol. wt molecules and ions, such as calcium, and causes lysis or death of the cell within minutes. The expression of toxin is also regulated by agr, expression being increased by an intact agr locus. a-Toxin has been shown to be a virulence factor in animal models of peritonitis and mastitis, although its role in bone and joint infection has not been confirmed [35] . P-Haemolysin is a phospholipase which can be demonstrated in vitro by incubating blood agar plates at 4°C after incubation at 37°C. There is no evidence that it plays a role in bone and joint infection. In the past, antibodies to y-haemolysin have been assessed as a method of diagnosis of bone and joint infection, but it is unclear what significance should be attached to this in terms of pathogenesis [53] .
Lipase. Virtually all strains of S. aureus are lipolytic, although there is believed to be more than one isoenzyme and these are not substrate specific [54] . The lipases produced by other organisms, such as Pseudomonas aeruginosa and clostridia, are not thought to cross-react with those produced by staphylococci. An ELISA used to detect IgG antibodies to lipase was found to be 88% sensitive and highly specific when used to differentiate S. aureus endocarditis from uncomplicated septicaemia. However, when the same assay was applied to patients with chronic osteomyelitis, only two of 26 patients were positive, with another four patients showing a significant rise in titre during the active stage of their infections [37] . Whether this was caused by reduced expression of lipase under the conditions found in chronic osteomyelitis, or a deficient serological response in this patient group, is unclear. In summary, staphylococcal lipase has never been proven to be important in the pathogenesis of any staphylococcal infection.
Conclusions
The epidemiology of S. aureus bone and joint infection has changed in recent years, with a relative fall in paediatric cases, an increasing incidence of prosthetic joint infection, and MRSA posing a major challenge in treatment and control. There have also been favourable changes in the way investigations of pathogenicity are conducted, with less reliance on in-vitro characteristics, more sophisticated animal models and molecular techniques allowing the creation of isogenic mutants positive and negative for individual virulence factors.
The pathogenesis of haematogenous bone and joint infection and the role of staphylococcal virulence factors is undoubtedly complex. It may be argued that as organisms with low pathogenic potential -e.g., S. epidermidis -can thrive when inoculated into bone tissue or a joint, virulence factors are of little relevance. This may be so when organisms are inoculated directly into the joint space, a rare event in practice, but the likely mechanism of haematogenous infection -i.e., the adherence of staphylococci to capillary endothelium following minor traumasuggests an obvious role for virulence factors [55] . There is good evidence that expression of collagenbinding proteins increases the likelihood of staphylococcal adherence. Other factors may assist in avoidance of opsonisation and phagocytosis following adherence. These may include capsular polysaccharide and protein A. Finally, more sophisticated factors -e.g., the enterotoxins and TSST-1 -may act to subvert the cellular and humoral immune system. These may be the crucial factors which determine whether a microscopic abscess is eliminated or develops into full-blown osteomyelitis or septic arthritis. The importance of the host immune system in limiting bone and joint infection is underlined by the severity and poor prognosis of bone and joint infection in patients on steroids, and those with rheumatoid disease or diabetes mellitus. The difficulty of assessing the role of the host in what is often a heterogeneous population is a major problem in clinical studies of pathogenesis and will
